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INTRODUCTION 
The behavior of hydrogen in metals and alloys has been extensively 
studied by many investigators because of the technological problems such 
as hydrogen embrittlement [1] and hydrogen storage [2]. Despite the 
extensive studies, the behavior of hydrogen in metals and alloys is not 
fully understood at the present time. Therefore, many more studies about 
the behavior of hydrogen in metals and alloys are needed. 
The interstitial sites in bcc metals, tetrahedral and octahedral 
sites, have tetragonal symmetry. Accordingly, it is expected that 
insertion of interstitial atoms into bcc metals can give rise to local 
elastic distortions around the interstitial atoms which also have 
tetragonal symmetry. The resulting anisotropic strain around the 
interstitial atoms will react differently according to its direction with 
an externally applied stress. Accordingly, if an uniaxial stress is 
applied, some of the interstitial atoms jump into neighboring 
interstitial sites which are energetically favored as a result of the 
elastic interaction between the anisotropic strain around the 
interstitial atoms and the applied stress. The jump of interstitial 
atoms into neighboring interstitial sites give rise to a strain which is 
time dependent in addition to an instantaneous elastic strain. This 
phenomenon is known as the Snoek effect. If a periodical stress 
is applied, the resulting strain lags behind the stress because of the 
time-dependent strain, which is called anelastic strain. The lag of the 
strain behind the stress shows up as a hysteresis loop on an elastic 
stress-strain curve. In other words, some amount of energy corresponding 
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to the area of the hysteresis loop dissipates during each cycle of the 
applied stress. This dissipation of energy is called internal friction 
and Is known to be associated to the relaxaton time of the jump of 
interstitial atoms in bcc metals [3]. 
In recent years the behavior of hydrogen in the group VB transition 
metals and their alloys has been studied with internal friction 
measurement by many Investigators [4-131. In the pure metals, internal 
friction peaks due to hydrogen were not found but when the metals were 
alloyed with oxygen, nitrogen, or substitutional solutes, Snoeklike peaks 
were found. It was reported that the strain around the hydrogen in the 
group VB transition metals has cubic symmetry [14,15] even though 
hydrogen occupies tetrahedral interstitial sites [16-19] which has 
tetragonal symmetry. Accordingly, it was expected that observation of 
the internal friction peak due to hydrogen in the group VB transition 
metals will not be easy [15]. Interstitial atoms such as oxygen and 
nitrogen and substitutional solute atoms such as titanium, niobium and 
vanadium increase the terminal solubility of hydrogen in the group VB 
transition metals [20-22]. The increase of the terminal solubility of 
hydrogen has been ascribed to the trapping of hydrogen either by the 
interstitial atoms or by the substitutional atoms [20,21]. Accordingly, 
it was thought that the internal friction peaks found when the group VB 
transition metals were alloyed with oxygen, nitrogen and f-iit-ional 
solutes were due to the stress induced reorientation of a hydrogen-
interstitial complex or a hydrogen-substitutional atom complex [4-10]. 
These complexes were thought to be formed by the energy trapping of 
hydrogen either by the interstitial atoms such as oxygen and nitrogen or 
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by the substitutional atoms such as titanium, niobium and vanadium. 
Recently, Peterson and Nelson [23] reported that hydrogen followed 
Sieverts' law over a considerable range of hydrogen concentration in the 
vanadium alloys with niobium, titanium and chromium. Peterson and 
Schlader [22] reported the same behavior of hydrogen in vanadium alloys 
with oxygen. If hydrogen follows Sieverts' law, a constant hydrogen-
matrix Interaction is expected in these alloys. In other words, a local 
phenomenon such as trapping of hydrogen either by interstitial atoms or 
substitutional atoms would be incompatible with Sieverts' law in these 
alloys. In addition Peterson and Herro [24] also reached the same 
conclusion by observing that there was no evidence of trap saturation 
even at quite high hydrogen concentrations in the measurement of 
diffuslvlty of hydrogen in vanadium-titanium and vanadium-niobium alloys. 
Therefore, It is not clear that the Internal friction peaks found in the 
group VB transition metal alloys are due to hydrogen-interstitial or 
substitutional atom complex. It is quite possible that the observation 
of the internal friction peaks due to hydrogen when the metals were 
alloyed is due to the increase of the terminal solubility of hydrogen in 
the alloys which allows hydrogen to remain in solution in the metal. If 
so then the strain around hydrogen may be noncubic in the pure metals as 
well as the alloys. 
According to Miller and Vestlake [20], the terminal solubility of 
hydrogen in vanadium-niobium alloys is extremely large and hydrides do 
not precipitate in some alloy compositions even below liquid nitrogen 
temperature. In addition vanadium forms a continuous solid solution with 
niobium. Therefore, vanadium-niobium alloys were considered a suitable 
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model system for the study of the Internal friction behavior of hydrogen 
In bee metal alloys as a function of alloy composition as well as 
hydrogen concentration. Vanadium alloys may be used for the first wall 
material of a nuclear fusion reactor. In these applications, the 
permeability of hydrogen and its isotope is an important technological 
problems. Therefore, the internal friction study of hydrogen in 
vanadium-niobium alloys is helpful for solving the technological problems 
as well as for developing the basic knowledge and theories about the 
behaviour of hydrogen in metals. 
Recently Owen et al. [25] reported an Internal friction peak due to 
hydrogen in vanadium-niobium alloys but could not study the full spectrum 
of the peak due to temperature limitations. Only the high temperature 
side of the peak was observed because the lower temperature limit of 
their apparatus was about 77°K. In the present study internal friction 
behavior of hydrogen in vanadium-niobium alloys containing from 40 at. 
pet. niobium to 100 at. pet. niobium with various concentrations of 
hydrogen up to 1.2 at. pet. was measured. The Internal friction 
measurement was performed in an electrostatic drive and detection 
apparatus for rods in flexural vibration at the first and third harmonic 
frequences of the specimens. The temperature range investigated was from 
300K to 290°K so that full internal friction peak was observed. The 
isotope effects and effect of oxygen on the internal friction behavior of 
hydrogen in the alloys were also investigated. 
One of the measures of internal friction is the phase lag angle f of 
a strain behind a periodical stress applied. If a jump of interstitial 
atoms is governed by a single relaxation process, the relation between 
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the phase lag angle <j>, which is often expressed as and the 
relaxation time T for the jump of interstitial atoms among the 
Interstitial sites is expressed with the single Debye equation [26], 
WT 
Q-1 = Û (1) 
1 + ( WT )2 
where A = relaxation strength and 
(A) = 2nf = angular frequency and 
f = vibration frequency and 
T = relaxation time. 
According to Eq. (1), an internal friction peak has its maximum value A/2 
when WT=1 and the peak is symmetrical when plotted against 1/T at 
constant co. The relaxation time x can be expressed by means of the 
classical Arrhenius type equation if the jump process is a thermally 
activated process, 
T = Toexp( AH/RT ) (2) 
where Tq = preexponential term and 
AH = activation energy and 
R = gas constant and 
T = temperature. 
If the temperature of internal friction peaks at the maximum are measured 
at two different frequences, the activation energy AH can be calculated 
from the following equation which were derived from Eq. (2) and the 
relation WT = 1 at maximum of the Internal friction peak, 
Rln( (»^/w2 ) 
AH = 
/^^ m2 - l/Tml 
(3) 
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where and T^2 the temperatures of internal friction peaks at 
maximum measured at the frequences of and «5 respectively. The 
activation energy ÛH can also be calculated from the half width of the 
internal friction peak, 
Rln{ ( 2+/3 )/( 2-/1 ) } 
ÛH = (4) 
1/Tl - I/T2 
where T^ and Tg denote the lower and higher temperatures corresponding to 
the internal friction peaks at half maximum. Eq. (A) was derived from 
the condition that the internal friction peak has maximum value of 6/2. 
The details of the derivation of Eqs. (3) and (A) are given in the book 
by Nowick and Berry [26]. The activation energies calculated from Eqs. 
(3) and (4) should be the same if the jump process is governed by a 
single relaxation process. The relaxation strength A is the ratio of 
anelastic strain to elastic strain and proportional to concentrations of 
interstitial atoms [3]. Therefore, the height of an internal friction 
peak increases linearly with increasing concentration of interstitial 
atoms without changing its maximum peak temperatures if the internal 
friction process is governed by a single relaxation process. 
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EXPERIMENTAL PROCEDURE 
Internal Friction Measurement 
Internal friction measurements were performed on wires in flexural 
vibration in an electrostatic drive and detection apparatus. The 
experimental arrangement for the apparatus is shown in Fig. 1. One end 
of a sample wire was clamped in a rigid base and the other end of the 
sample was free to vibrate. The free end of the sample was forced to 
vibrate by electrostatic forces generated by a sine wave voltage applied 
to the copper driving electrode. The sample was vibrated at its resonant 
frequency in order to obtain the maximum amplitude of vibration at a 
given applied force. The maximum strain of the sample was less than 10"^ 
near the clamp. If such a vibrating bar is an anelastic solid and the 
Impulses driving the vibration are stopped, the amplitude of vibration 
decays exponentially with time [26], 
The decay of the amplitude of vibration is due to internal friction in 
the solid. In most practical cases, the logarithmic decrement S is 
measured as a measure of internal friction Instead of the phase lag angle 
f which is small and difficult to measure. The relationship between the 
logarithmic decrement S and the phase lag angle (j> is as follow [26], 
A(t) = AgexpC -Sfot) (5) 
where Aq = maximum amplitude of vibration and 
5 = a constant called the logarithmic decrement and 
fq = = vibration frequency and 
= resonant angular frequency and 
t = time. 
8 = n<j). ( 6 )  
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Figure 1. Experimental arrangement for internal friction measurements 
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The logarithmic decrement S was obtained as follow. The sample 
vibrating at its resonant frequency was allowed to virate freely by 
stopping the voltage applied to the drive electrode. The decay of the 
amplitude of vibration, after stopping the applied A.C. voltage, was 
detected by the detecting electrode which forms a capacitor with the 
vibrating sample. A D.C. voltage of 300 V was applied to the detecting 
electrode and the change of distance between the sample and the detecting 
electrode induces the change of charge on the detecting electrode. The 
resulting current was amplified, filtered and sent to a Nlcolet 3091 
digital storage oscilloscope. The fee decay signal was stored in the 
oscilloscope and the decaying amplitude was read into a Digital 
Corporation computer. The logarithmic decrement 5 was obtained from the 
slope of the InA(t) vs f^t plot. The internal friction measurements were 
made from 30°K to 290°K. A model 1020C Cryodyne Cryocooler which uses 
helium as the refrigerant was used to cool the sample chamber. The 
temperature was measured with the calibrated carbon glass thermometer. 
Sample Preparation 
Vanadium-niobium alloys containing from 40 at. pet. niobium to 100 
at. pet. niobium were prepared by arc melting pure niobium and vanadium 
under an argon atmosphere. After arc melting, the composition of the 
alloys were determined by the atomic absorption spectrometry and are 
presented in Table 1. The arc-melted alloys were purified with respect 
to oxygen, nitrogen and carbon by external gettering method using 
titanium as gettering metals [27]. For the purification the arc-melted 
alloys were cold rolled and swaged into 6.5 mm diameter x 50 mm long 
10 
Table 1. Chemical analysis of specimens in atomic percent 
Alloy Nb 0 N C 
V-40Nb 37.3 0.020 0.011 0.015 
V-50Nb 52.3 0.021 0.011 0.011 
V-75Nb 73.8 0.022 0.017 0.030 
V-90Nb 89.4 0.022 0.013 0.043 
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rods. The rods were annealed and recrystallized under a vacuum of 1 x 
10"3 Pa at 1000®C for an hour. After being annealed, the rods were 
coated with titanium in an electron beam furnace. The titanium coated 
rods were placed in a tantalum capsule. The tantalum capsule was welded 
and placed in an Inconel crucible which was closed by welding under an 
argon atmosphere. The tantalum capsule was used to prevent alloying of 
the titanium coating with the Inconel crucible. The Inconel crucible was 
heated in a muffle furnace at lOOQOC for two weeks so as to allow oxygen, 
nitrogen and carbon impurities to diffuse and react with titanium 
coating. After two weeks, the Inconel crucible was cooled and the rods 
were removed. The titanium coating of the rods were removed by 
mechanical grinding and electropolishing. The concentrations of oxygen 
and nitrogen of the rods were analyzed by a vacuum fusion analysis after 
purification. The carbon concentrations of the rods were analyzed by a 
combustion technique after purification. The results are presented in 
Table 1. After being purified, the rods were swaged and cut into 1 mm 
diameter x 65 mm long wires for the internal friction measurement. The 
swaged wires were electropolished and annealed under a vacuum of 1 x 10"^ 
Pa at 1000°C for an hour. Various amount of hydrogen and deuterium up to 
1.2 at. pet. were introduced into the wires by gas phase charging. The 
gas phase charging was done in a conventional Sieverts' apparatus. The 
amount of hydrogen and deuterium to be charged was controlled with the 
measured pressure of hydrogen or deuterium gas introduced into the known 
volume of the Sieverts' apparatus. After internal friction measurements 
were performed, the hydrogen and deuterium concentrations were analyzed 
by the hot vacuum extraction analysis [28]. In order to observe the 
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effect of oxygen on the internal friction behaviour of hydrogen and 
deuterium in the present alloys, oxygen was also Introduced into certain 
samples in the Sieverts' apparatus. The concentrations of oxygen were 
determined by weighing the samples before and after charging. 
One of the purposes of internal friction measurements is to 
determine the relaxation time, T , for the internal friction process. If 
an internal friction process is governed by a single relaxation time, the 
value of T is easily obtained from the relation WT = 1 at the maximum of 
the internal friction peak. If an internal friction process is governed 
by a spectrum of relaxation times, it is more complicated to obtain the 
distribution of relaxation times. Recently Cost [29,30] introduced a 
method called DSA(Direct Spectrum Analysis) which yields a close 
approximation of the actual distribution of relaxation times for the case 
when a spectrum of relaxation times governs the internal friction 
process. The distribution of relaxation times could arise from either a 
distribution of activation energies, preexponential factors or a 
combination of both. If the distribution of relaxation times is only due 
to the distribution of activation energies, the internal friction is 
expressed as follow [30], 
Data Analysis 
WToexp( 0/RT ) 
2 
dlnQ (7) 
1 + { WTgexp( Q/RT ) } 
where à = relaxation strength and 
N(Q) = an activation energy distribution function and 
(0 = angular frequency and 
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Tq = preexponential factor and 
Q = activation energy. 
In the DSA method, a sum approximation is made for the integral in Eq. 
(7). The upper and lower limits of activation energy for the 
distribution are chosen and divided into n bins of equal width. Then Eq. 
(7) becomes 
n WToexp ( Q./RT ) 
Q-1 = 2 (8) 
1 + { WToexp( Q./RT ) )^ 
n 
where A. is the relaxation strength of the ith bin and Z A,= A. 
^ 1=1 1 
Although Eq. (8) is a linear set of equations, a modified nonlinear 
regression technique was used In order that the approximate solution not 
become highly oscillatory. The oscillatory tendency which is well known 
in this type of problems'was prevented by using iterative nonlinear 
regression and the constraint Ai>0 in the DSA method. For the iterative 
calculation, a computer program called LMMI, which uses the Levenberg, 
Marquardt, Morrison algorithm [29], was used for the DSA method. In the 
present study, the activation energy distribution was estimated by using 
the DSA method. As inputs for the computer program, the upper and lower 
limits of the relaxation time were chosen and inserted. Then the upper 
and lower limits of activation energy were set by providing an estimate 
of preexponential factor, Tq , and divided into n bins. In the program, 
the relaxation strength A was estimated as twice the Internal friction 
peak height. As a starting condition, the relaxation strength of the ith 
bin, Aj , was set all to the same value A/n. The calculation was 
14 
terminated when the estimate of the relative error between and the 
solution is less than tolerance for all 6^ or the desired number of 
iterations was reached. 
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RESULTS 
Internal Friction Peaks due to Hydrogen 
Internal friction peaks due to hydrogen were found in V-90Nb, V-
75Nb, V-50Nb and V-40Nb alloys. In other words, there was a nonspherical 
distortion around the hydrogen atoms similar to those found in niobium-
oxygen or niobium-nitrogen alloys [31]. The peaks were broader than 
single Debye peaks and were not symmetrical. The peaks moved toward 
lower temperatures so that the activation energies of the hydrogen 
internal friction processes decreased with increasing hydrogen 
concentrations. The peak heights increased linearly with increasing 
hydrogen concentrations up to 0.5 at. pet. hydrogen. The relaxation 
strength was the same in all of the alloys and did not change with 
hydrogen concentrations. No peaks due to hydrogen were found in pure 
niobium because all of the hydrogen precipitated as hydride and there was 
no hydrogen in solution at the temperatures where internal friction peak 
due to hydrogen is expected [32]. According to Yoshinari and Koiwa [33], 
the hydride peak heights in the group VB transition metals decrease with 
increasing the measuring frequency. The absence of the hydride peak in 
the pure niobium is considered to be due to high measuring frequency of 
about 200 Hz.. The internal friction as a function of temperature is 
shown in Figs. 2-6. The values for the maximum peak 
height, Qrl, after subtracting the background and the maximum peak 
temperature, Tp, , are presented in Table 2. 
Internal friction measurements were made for each alloy containing 
about 0.5 at. pet. hydrogen at the frequencies corresponding to the first 
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Table 2. Results of the internal friction measurements in V-Nb-H alloys 
Alloy Tm(°K) Qr^(xlO-4) ÛH(kJ/mole) BL fm(Hz) 
V-40Nb-0.22H 119.6 12.4 22.6 3.3 2.8 224.1 
0.35H 117.5 17.8 22.2 3.5 3.0 230.7 
0.43H 114.1 24.3 21.6 3.2 3.1 221.9 
1.26H 109.5 66.4 20.6 3.5 3.2 247.6 
V-50Nb-0.12H 128.2 7.3 24.6 3.2 3.4 233.9 
0.38H 124.4 21.6 23.9 3.3 3.5 226.6 
0.65H 119.3 30.7 23.1 3.2 3.6 199.5 
1.06H 116.3 54.8 22.3 3.4 3.7 243.3 
V-75Nb-0.14H 140.4 8.0 24.4 2.5 2.1 198.3 
0.35H 139.6 18.9 24.2 2.9 2.1 212.1 
0.48H 137.4 26.4 23.9 3.0 2.0 206.7 
1.08H 128.2 48.6 22.3 3.2 1.9 203.2 
V-90Nb-0.08H 134.2 4.2 20.5 1.6 1.6 195.1 
0.26H 128.4 13.0 19.6 1.7 1.5 195.8 
0.48H 125.6 22.7 19.2 1.9 1.3 3 95.8 
1.21H 117.1 40.7 17.8 2.1 ] .2 211.1 
22 
Table 3. Xç values calculated from the maximum peak temperature shifts 
with frequency in V-Nb-H alloys 
Alloy Tq (xlol4 sec) 
V-40Nb 9.4 
V-50Nb 6.4 
V-75Nb 65.5 
V-90Nb 841.0 
23 
and third harmonic frequencies of the specimen. The preexponential 
factor Tq for each alloy were calculated from the change in the maximum 
peak temperatures with frequency. The peak temperature shift with 
frequency for each alloy is shown in Appendix A. The calculated Tq value 
for each alloy is presented in Table 3. Those Tq values were used to 
calculate the activation energies of the processes responsible for the 
internal friction peaks at various hydrogen concentrations. The 
activation energies were calculated from the following condition which is 
met at the internal friction peaks, 
m 
a)nToexp( ) = 1 (9) 
RTm 
where ÛH = activation energy and 
R = gas constant and 
Tp, = maximum peak temperature and 
00|n = 2nfm = angular frequency at T^ and 
f^, = vibration frequency at T^. 
The activation energies calculated by use of Eq. (9) are presented in 
Table 2 and are plotted against hydrogen concentration in Fig. 7. These 
activation energies decreased linearly with increasing hydrogen 
concentrations with about the same slope in all alloy compositions. The 
V-75Nb alloy yielded the maximum value of the activation energy and the 
V-90Nb alloy yielded the minimum. The activation energies in the V-75Nb-
0.14H and V-75Nb-1.08H alloys were 24.4 kJ/mole and 22.3 kJ/mole 
respectively. The activation energies in the V-90Nb-0.08H and V-90Nb-
1.21H alloys were 20.5 kJ/mole and 17.8 kJ/mole respectively. 
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The breadth of the peaks was checked relative to the shape of the 
single Debye peak with the calculated activation energies. In order to 
check the symmetry of the peaks as well as the breadth, the width of the 
peaks were represented in two terms; the breadth toward lower 
temperatures, , and the breadth toward higher temperatures. By. The 
Bl and Bjj are the ratios of the widths from the maximum peak temperature 
to the low and the high temperatures at the half maximum of the peak to 
those of single activation energy Debye peak. The B^ and Bj^ are 
expressed as follows, 
ÛH( l/Tj - 1/Tm ) 
Bl = (10) 
R{ ln< 2+/3 ) + ln( ) ] 
AH( I/T2 - 1/Tm ) 
Bh = (11) 
R{ ln( 2-v/T ) + ln( ) 
where AH = activation energy and 
Tn, = maximum peak temperature and 
= angular frequency at and 
Ti, Tg = the low and high temperatures at half maximum 
of the peak respectively and 
wj, wg = angular frequencies at T^ and T2 respectively and 
R = gas constant. 
The details of the derivation of Eqs. (10) and (11) are given in Appendix 
B. If a peak is a single Debye peak, both the B^ and B^ should be 1. 
The calculated B^'s and Bp's are presented in Table 2. All the peaks 
were broader than single Debye peaks and were asymmetrical. The V-50Nb 
alloy had the broadest peak and was about 3.6 times broader than expected 
for a single Debye peak. The breadth of the peaks decreased with 
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increasing niobium concentration, with the V-90Nb alloy having the 
narrowest peak. The peak In the V-90Nb-1.21H alloy was only 1.7 times 
broader than for a single Debye peak. The breadth toward lower 
temperature, , increased with hydrogen concentration in all the 
alloys. The breadth toward higher temperature. By , Increased in the V-
40Nb and V-50Nb alloys but decreased in the V-75Nb and V-90Nb alloys with 
increasing hydrogen concentration. The breadth toward higher temperature 
of the peaks of the V-75Nb-0.14H and V-75Nb-1.08H alloys were 2.1 and 1.9 
times broader than expected for a single Debye peak respectively. The 
breadth toward higher temperature of the peaks of the V-90Nb-0.08H and V-
90Nb-1.21H were 1.6 and 1.2 times broader than expected for a single 
Debye peak respectively. 
The broad peaks were the result of superposition of many single 
Debye peaks. In other words, the internal friction process responsible 
for each peak involves a spectrum of relaxation times instead of a single 
relaxation time. The distribution of relaxation times could arise from 
either a distribution of activation energies, preexponential factors or a 
combination of both. However, it was assumed that there was a 
distribution of activation energies but a single value for preexponential 
factor Tq in a given alloy composition. The distribution of activation 
energies for the peaks were estimated by the Direct Spectrum Analysis 
method introduced by Cost [29]. In this estimation of distributions of 
activation energies, the Tq values obtained from the change of the 
maximum peak temperature with frequency were used as input values for the 
Direct Spectrum Analysis. The estimated range of the activation energies 
and the most probable activation energies are presented in Table 4. The 
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Table 4. The distribution of activation energies of hydrogen internal 
friction processes in V-Nb-H alloys 
Alloy Range of ÛH (kJ/mole) Most probable ÛH (kJ/mole) 
V-40Nb-0.22H 14.1-28.3 22.8 
0.35H 10.7 - 28.0 22.6 
0.43H 10.4 - 26.1 21.9 
1.26H 10.9 - 25.2 20.5 
V-50Nb-0.12H 15.2 - 30.9 23.5 
0.38H 15.0 - 30.1 23.6 
0.65H 13.3 - 28.2 22.9 
1.06H 12.9 - 29.1 22.1 
V-75Nb-0.14H 15.5 - 29.6 25.9 
0.35H 14.2 - 28.2 24.4 
0.48H 12.6 - 29.0 24.0 
1.08H 13.0 - 28.3 21.2 
V-90Nb-0.08H 16.9 - 22.9 20.5 
0.26H 15.0 - 21.9 19.6 
0.48H 12.4 - 21.4 19.2 
1.21H 10.6 - 20.3 18.1 
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Figure 8. The distribution of activation energies at various hydrogen 
concentration in V-90Nb alloy 
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Figure 9. The distribution of activation energies in V-Nb-H alloys 
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activation energy distributions in the V-90Nb alloy at various hydrogen 
concentration are shown in Fig. 8. The activation energy distribution 
for each alloy at about 1 at. pet. hydrogen are shown in Fig. 9. The 
height of vertical bar, the spectral amplitude, is proportional to the 
number of hydrogen atoms which are involved in the internal friction 
process with that activation energy. The most probable activation 
energies, which are the activation energies at the highest bar, showed 
good agreement with the activation energies calculated from Eq. (9). In 
all the alloys, the activation energy distribution moved toward lower 
activation energies with increasing hydrogen concentration. Some high 
activation energy processes that were active at low hydrogen 
concentration were not apparent at higher hydrogen concentration. Also 
some low activation energy processes that were not apparent at low 
hydrogen concentration were active at higher hydrogen concentrations as 
shown in Fig. 8. This kind of trend is also seen in the internal 
friction peaks. The center of the peaks moved toward lower temperatures 
with increasing hydrogen concentration as shown in Figs. 2-5. Some 
additional internal friction appeared at low temperature and some 
internal friction at higher temperature disappeared with increasing 
hydrogen concentration as clearly seen in Fig. 2. Also the increase of 
the breadth toward lower temperature and the decrease of the breadth 
toward higher temperature with Increasing hydrogen concentration in the 
V-75Nb and V-75Nb alloys support the above results. The widths of the 
activation energy distributions were nearly the same in all the alloys 
except in the V-90Nb alloy as shown in Fig. 9. The width of the 
activation energy distribution in the V-90Nb alloy was about half of the 
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others. Therefore, it is thought that the number of different kind of 
internal friction processes in the V-90Nb alloy was smaller than that in 
the other alloys. 
The maximum peak heights, , of these alloys plotted against 
hydrogen concentration increased linearly as shown in Fig. 10. The 
slope was 52 x 10"^ per at. pet. hydrogen in all four of these alloys in 
the hydrogen concentration range below 0.5 at. pet. In other words, the 
relaxation strength was independent of niobium concentration. The peak 
height of the V-40Nb and V-50Nb alloys Increased continuously with the 
same slope at higher concentrations. However, the Increments of the peak 
heights of the V-75Nb and V-90Nb decreased gradually at higher hydrogen 
concentrations and so the relaxation strength decreased. 
Oxygen was added to a specimen of the V-90Nb alloy and the internal 
friction due to hydrogen was measured and compared to the Internal 
friction of the V-90Nb-1.21H alloy in order to see the effect of oxygen 
on the internal friction behavior due to hydrogen in this alloy. The 
internal friction peak of the V-90Nb-l.60-l.llH, shown in Fig. 11, was 
found at 116.3°K with a maximum peak height of 16.7 x 10~^. The maximum 
peak temperature and the peak height of the V-90Nb-1.21H alloy were 
117.1°K and 40.7 x 10"^. The activation energies of hydrogen internal 
friction process of the V-90Nb-l.60-l.llH alloy and V-90Nb-1.21H alloy 
calculated from Eq. (9) were 17.9 kJ/mole and 17.8 kJ/mole respectively. 
The most probable energies obtained from the Direct Spectrum Analysis for 
the V-90Nb-l.60-l.llH and V-90Nb-1.21H alloys were 18.3 kJ/mole and 18.1 
kJ/mole respectively. The activation energy responsible for the most 
probable internal friction process in the V-90Nb alloy did not change by 
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Figure 11. Effect of oxygen on the internal friction peak in V-90Nb-H alloy 
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adding oxygen. However, the relaxation strength so the peak height was 
decreased and the peak was broadened by adding oxygen. The peak heights 
of the V-90Nb-1.21H and V-90Nb-l.60-l.llH alloys were 40.7 x 10"^ and 
16.7 X 10"^ respectively. The peaks of the V-90Nb-l.60-l.llH and V-90Nb-
1.21H alloys were 1.85 times and 1.65 times broader than would expected 
for a single Debye peak respectively. The range of the activation energy 
distribution of the V-90Nb-l.60-l.llH alloy obtained from the Direct 
Spectrum Analysis was broader than that of the V-90Nb-1.21H alloy. The 
ranges of activation energy distribution of the V-90Nb-l.60-l.llH and the 
V-90Nb-1.21H alloys were from 8.6 kJ/mole to 21.6 kJ/mole and from 10.6 
kJ/mole to 20.3 kJ/mole respectively. 
Internal Friction Peaks due to Deuterium 
Internal friction peaks due to deuterium were measured in the V-
90Nb, V-75Nb, V-50Nb, V-40Nb alloys. Isotope effects were found in both 
the activation energy and preexponential factor Tq for the internal 
friction process. However, many characteristics of the peaks due to 
deuterium were similar to those of the peaks due to hydrogen. The peaks 
were broader than single Debye peaks and were asymmetrical. The peaks 
moved toward lower temperatures with increasing deuterium concentrations. 
The peak heights increased linearly with increasing deuterium 
concentrations in all the alloys except in the V-90Nb alloy. No peak due 
to deuterium were found in pure niobium because there was no deuterium 
remaining in solution. The internal friction as a function of 
temperature is shown in Figs. 12-16 for the four alloys and pure niobium. 
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Figure 14. The internai friction versus temperature peaks of V-50Nb-D alloys 
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Figure 15. The internai friction versus temperature peaks of V-40Nb-D alloys 
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Figure 16. The internai friction versus temperature peaks of Nb-1.13D alloy 
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Table 5. Results of the internal friction measurements in V-Nb-D alloys 
Alloy Tm(OK) Qr^(xlO-4) ÛH(kJ/mole) fm(Hz) 
V-40Nb-0.19D 128.7 7.0 26.8 3.0 2.7 240.0 
0.60D 127.0 20.9 26.5 3.8 2.8 236.4 
0.88D 125.3 27.9 26.1 3.1 2.9 239.5 
V-50Nb-0.21D 135.0 6.7 28.0 2.7 2.4 236.4 
0.61D 132.1 22.2 27.4 3.5 3.2 232.2 
1.12D 129.4 37.5 26.9 3.8 3.4 225.8 
V-75Nb-0.30D 147.7 10.1 28.2 3.0 2.0 211.2 
0.57D 146.3 18.1 27.9 3.0 2.1 219.5 
1.22D 142.5 37.3 27.1 3.5 1.9 225.9 
V-90Nb-0.27D 139.6 9.2 24.7 2.3 1.8 199.2 
0.69D 136.3 19.0 24.1 2.4 1.5 201.0 
0.97D 134.7 19.0 23.8 2.5 1.5 210.1 
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The values observed for the maximum peak tempratures and the maximum peak 
heights are presented in Table 5. 
Internal friction measurements were made at the frequencies 
corresponding to both the first and third harmonic frequencies of the 
specimen. The change of the maximum peak temperature was used to 
calculate the preexponential factor Tq for each alloy. The peak shift 
with frequency for each alloy at about 0.5 at. pet. deuterium 
concentration is shown in Appendix C and the Tq values are presented in 
Table 6. These Tq values were used to calculate the activation energies 
of deuterium internal friction processes for each alloy at various 
deuterium concentrations. The activation energies calculated from the 
Eq. (9) are presented in Table 5. and plotted against the deuterium 
concentration in Fig. 17. The activation energy of the deuterium 
internal friction process in the V-75Nb alloy was the highest and those 
in the V-90Nb alloy was the lowest. The activation energies decreased 
linearly with increasing deuterium concentrations as shown in Fig. 17. 
The decrease in the activation energy per unit deuterium concentration 
was independent of niobium concentration. The activation energies in the 
V-75Nb-0.3D and V-75Nb-1.22D alloys were 28.2 kJ/mole and 27.1 kJ/mole 
respectively. The activation energies in the V-90Nb-0.27D and V-90Nb-
0.97D alloys were 24.7 kJ/mole and 23.8 kJ/mole respectively. The 
decrease in the activation energies with increasing deuterium 
concentrations was also indicated by the peak movements toward lower 
temperatures with increasing deuterium concentrations as shown in Figs. 
12-15. According to the classical rate theory [34], no isotope effect in 
the activation energy is expected and the Tq values for deuterium is 
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Table 6. Tg values calculated from the maximum peak temperature shift 
with frequency in V-Nb-D alloys 
Alloy Tq (xlol4 sec) 
V-40Nb 0.9 
V-50Nb 1.0 
V-75Nb 8.3 
V-90Nb 44.5 
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expected /T times larger than those for hydrogen. However, the 
activation energies of deuterium Internal friction processes were higher 
by 4 kJ/mole than those of hydrogen internal friction processes. The Tq 
values for deuterium internal friction processes were about 10 times 
smaller than those for hydrogen internal friction process in these 
alloys. These results indicate that nonclassical effects are involved in 
the present diffusion and internal friction system. 
The breadth toward lower temperatures, B^'s , and the breadth toward 
higher temperature, Bj^'s , of the peaks due to deuterium were also 
calculated from Eqs. (10) and (11) and presented in Table 5. All the 
peaks due to deuterium were also broader than single Debye peaks. The 
peaks were broader toward lower temperatures and the breadth toward lower 
temperatures increased with increasing deuterium concentrations in all 
the alloys. The breadth toward higher temperatures also increased in the 
V-40Nb and V-50Nb alloys but decreased in the V-75Nb and V-90Nb alloys 
with increasing deuterium concentrations. The V-50Nb alloys had the 
broadest peaks. The peak in the V-50Nb-1.12D alloy was about 3.6 times 
broader than a single relaxation Debye peak with the same activation 
energy. The breadth of the peaks decreased with increasing niobium 
concentration. The V-90Nb alloys had the narrowest peaks. The peak of 
the V-90Nb-0.27D was about 2 times broader than a single Debye peak with 
the same activation energy. 
The distribution of activation energies of the deuterium internal 
friction processes in the alloys were also estimated from the Direct 
Spectrum Analysis. The estimated range of the distribution of the 
activation energies and the activation energy corresponding to the most 
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probable internal friction process for each alloy are presented in Table 
7. The distribution of activation energies in the V-90Nb alloy at 
various deuterium concentration are shown in Fig. 18. The distribution 
of activation energies for each alloy at 1 at. pet. deuterium 
concentration is shown in Fig. 19. The activation energies corresponding 
to the most probable internal friction processes showed good agreement 
with the activation energies obtained from the maximum peak temperature 
changes with frequency. Also the peak shifts with increasing deuterium 
concentration were well reflected in the results of the Direct Spectrum 
Analysis. In all the alloys, the distributions of activation energies 
moved toward lower temperatures with increasing deuterium concentrations. 
Some high activation energy processes that were active at low deuterium 
concentrations were not apparent at higher deuterium concentrations as 
shown in Fig. 18. Also some low activation energy processes that were 
not apparent at low deuterium concentrations were active at higher 
deuterium concentrations. 
The maximum peak height, 0"^ , as a function of deuterium 
concentration is shown in Fig. 20. The maximum peak heights for each 
alloy at various deuterium concentrations are presented in Table 5. The 
peak heights increased linearly with the same slope in all of the alloys 
as the deuterium concentration increased. The peak height in the V-90Nb 
alloy increased with the same slope as that of the other alloys hplnw D.fi 
at. pet. deuterium but above that concentration the slope decreased. The 
peak height reached a maximum value of 19.0 x 10"^ and then was constant 
up to 0.97 at. pet. deuterium. The relaxation strength of these alloys 
was also independent of niobium concentration in the concentration range 
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Table 7. The distribution of activation energies of deuterium internal 
friction processes in V-Nb-D alloys 
Alloy Range of AH (kJ/mole) Most probable ÛH (kJ/mole) 
V-40Nb-0.19D 18.4 - 34.3 26.3 
0.60D 19.6 - 35.0 28.0 
0.88D 14.1 - 32.1 25.7 
V-50Nb-0.21D 17.2 - 36.8 27.6 
0.61D 16.2 - 33.7 27.4 
1.12D 14.7 - 32.9 25.7 
V-75Nb-0.30D 17.1 - 32.1 28.4 
0.57D 16.0 - 32.6 27.5 
1.22D 13.0 - 31.6 27.2 
V-90Nb-0.27D 16.4 - 27.6 25.1 
0.69D 13.3 - 28.2 24.7 
0.97D 13.1 - 26.7 24.5 
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Figure 18. The distribution of activation energies at various deuterium 
concentrations in V-90Nb alloy 
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below 0.6 at. pet. deuterium. The proportionality of the relaxation 
strength to deuterium concentration was 34 x 10"^ per at. pet. deuterium 
and was 35% less than that to hydrogen. 
The effect of oxygen on the internal friction peak due to deuterium 
was also examined in V-90Nb alloy. The internal friction peak of the V-
90Nb-l.030-0.8D alloy is shown in Fig. 21 along with the internal 
friction peak of the V-90NB-0.97D alloy. The maximum peak temperatures 
of the V-90Nb-l.030-0.8D and V-90Nb-0.97D alloys were 132.l^K and 134.7°% 
respectively and the corresponding activation energies calculated from 
Eq. (9) were 23.4 kJ/mole and 23.8 kJ/mole respectively. The most 
probable activation energies obtained from the Direct Spectrum Analysis 
for the V-90Nb-l.030-0.BD and V-90Nb-0.97D alloys were 24.0 kJ/mole and 
24.5 kJ/mole respectively. The addition of oxygen had only negligible 
effect on the activation energy of deuterium responsible for the most 
probable internal friction process in the V-90Nb alloy. However, as in 
the alloy with hydrogen, the peak height was decreased and the peak was 
broadened by addition of oxygen. The peak heights of the V-90Nb-l.030-
0.8D and V-90Nb-0.97D was 13.1 x 10"^ and 19.0 x 10"^ respectively. The 
peaks of the V-90NB-1.030-0.8D and V-90Nb-0.97D alloys were 2.4 times and 
2.0 times broader than would expected for a single Debye peak 
respectively. The width of the activation energy distribution of the V-
90Nb-l.030-0.8D alloy was greater than that of the V-90Nb-0.97D alloy. 
The ranges of activation energy distribution of the V-90Nb-l.030-0.8D and 
V-90Nb-0.97D alloys were from 12.3 kJ/mole to 28.6 kJ/mole and from 13.1 
kJ/mole to 26.7 kJ/mole respectively. 
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Figure 21. Effect of oxygen on the internal friction peak in V-90Nb-D alloy 
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DISCUSSION 
One of the important findings in the present study was that there 
were internal friction peaks due to hydrogen and deuterium in solution in 
vanadium-niobium alloys. It is thought that the peaks are Snoek peaks 
which are due to the jump of hydrogen or deuterium atoms between 
tetrahedral interstitial sites. Internal friction effects in body 
centered metals containing hydrogen have been ascribed to hydrogen atom 
pairs, hydrogen-interstitial atom pairs such as hydrogen-oxygen or 
hydrogen-nitrogen, and hydrogen-substitutional atom pairs. According to 
Peterson and Nelson [23], hydrogen follows Sieverts' law in the present 
concentration range in vanadium-niobium alloys and no significant 
hydrogen-hydrogen interaction was observed. Accordingly, the existence 
of the hydrogen atom pairs is not likely. The concentrations of oxygen 
and nitrogen in the present specimens were less than 0.02 at. pet. and 
0.017 at. pet. respectively. If the internal friction peaks were due to 
hydrogen-oxygen or hydrogen-nitrogen pairs, the linear increase of the 
peak heights with increasing hydrogen concentrations up to 1.2 at. pet. 
could not be explained. Accordingly, it is thought that the peaks were 
not due to hydrogen-oxygen or hydrogen-nitrogen pairs. No 
distinguishable evidence of trapping of hydrogen either by vanadium or by 
niobium atoms was found in vanadium-niobium alloys by several 
investigations of the hydrogen local vibrational modes [35,36]. The 
existence of hydrogen-substitutional atom pairs is not likely in 
vanadium-niobium alloys. Therefore, the source of the internal friction 
peaks found in the present study is thought to be a classical Snoek 
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relaxation due to the jumping of hydrogen or deuterium atoms which 
produce a nonspherical lattice distortion. 
The internal friction peaks were broader than expected for Snoek 
peaks with a single relaxation energy. It Is believed that internal 
friction process with a range of activation energies are involved in the 
present alloys. In a pure and perfect body centered cubic metal with no 
applied stress, the tetrahedral sites would all be identical and hydrogen 
atoms would have equal energies in any of the sites. In a very dilute 
alloy, there would be predominantly solute free sites or tetrahedral 
sites with one solute atom near neighbor. These two sites might be 
different in energy relative to occupation by an interstitial hydrogen 
atom. In the present rather concentrated alloys, the tetrahedral sites 
for hydrogen atoms are no longer all identical or of only two kinds. At 
least five kinds of tetrahedral sites, i.e. , 4Nb,3Nb-lV,2Nb-2V,lNB-3V 
and 4V sites, are expected in a random solid solution even if only the 
nearest metal atoms are considered. The situation will be more 
complicated if the effect of second nearest neighbor atoms on the 
tetrahedral sites are considered. Since hydrogen diffusive jumps involve 
both an initial and a final site, the number of different jump 
possibilities is still larger. Therefore, it is not unexpected that 
there will be a distribution of various kinds of tetrahedral sites in the 
present alloys which may provide a range of interstitial sites of 
different site energies for hydrogen or modify the saddle point 
configuration during the jump so as to produce a range of jump 
frequencies. The breadth of the internal friction peak increased on 
going from the dilute vanadium-niobium alloy to the concentrated 
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vanadium-niobium alloy. The peak in the V-90Nb alloy was about 1.6 times 
broader and the peaks in the V-40Nb and V-50Nb alloys were about 3.3 
times broader than expected for a single Debye peak. The change of 
breadth of the internal friction peaks with alloy composition appears to 
be related to the number of different kinds of tetrahedral sites at 
different alloy compositions. The fraction of each possible kind of 
tetrahedral sites is calculated by Wagner's method [37] and presented in 
Table 8. In a V-90Nb alloy, only two kinds of tetrahedral sites are 
predominant 4Nb and 3Nb-lV sites. In the concentrated alloys, there are 
three or more different sites that occur with a significant frequency. 
Accordingly, the number of Internal friction processes with different 
relaxation energies is expected to be smaller in a V-90Nb alloy and the 
peak in the V-90Nb alloy was narrower than the peaks of the concentrated 
vanadium-niobium alloys. Therefore, it is believed that the distribution 
of a different kinds of tetrahedral sites is responsible for the 
broadened peaks. 
The internal friction peaks moved toward lower temperatures so that 
the mean activation energy for hydrogen or deuterium motion decreased 
with increasing hydrogen or deuterium concentrations. As mentioned 
above, internal friction processes with a range of activation energies 
appear to be involved in the present alloys. Lichty et al. [38] 
performed NMR measurements in vanadium-niobium alloys and found that 
hydrogen motion in the alloys was governed by a distribution of 
activation energies. The fraction of hydrogen or deuterium atoms 
involved in the low activation energy processes increases so that the 
activation energy for hydrogen or deuterium motion decreases with 
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Table 8. Fraction of various kinds of tetrahedral sites in V-Nb alloys 
Alloy Tetrahedral Sites 
4Nb 3Nb-lV 2Nb-2V lNb-3V 4V 
V-90Nb 0.6561 0.2916 0.0486 0.0036 0.0001 
V-75Nb 0.3164 0.4219 0.2109 0.0469 0.0039 
V-50Nb 0.0625 0.2500 0.3750 0.2500 0.0625 
V-40Nb 0.0256 0.1536 0.3456 0.3456 0.1296 
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increasing hydrogen or deuterium concentrations. Similar trends were 
observed by Tanaka and Koiwa in vanadium-titanium alloys [4] and by 
Cannelli and et al. in niobium-titanium alloys [5] where the titanium 
concentrations of these alloys were less than 5 at. pet. They attributed 
the movement of the internal friction peaks toward lower temperatures 
with increasing hydrogen concentrations to the formation of titanium-
hydrogen complexes with more than one hydrogen atom per titanium atom. 
They thought that the fraction of higher order complexes with lower 
activation energies for reorientation increases with increasing hydrogen 
concentrations so that the peaks moved toward lower temperatures. 
However, such an interpretation is inadequate In the present alloys. As 
mentioned above, there is little evidence for trapping of hydrogen either 
by vanadium or by niobium In the present alloy sand both metals have 
similar affinities for hydrogen. Furthermore, the concentration of 
substitutional solute atoms is large in the present alloys and every 
Interstitial site for hydrogen atoms will have at least one solute atom 
so that the formation of high order of vanadium-hydrogen or niobium-
hydrogen complexes with more than one hydrogen atom would not be 
expected even if there were local deep trapping of hydrogen by vanadium 
or niobium atoms. Klrchheim [39] and Klrchhelm et al. [40] proposed that 
there exists a distribution of sites with different potential energies 
for hydrogen atoms in amorphous metals. Recently, Stoltz et al. [41] 
measured Internal friction and diffusivity of hydrogen in an amorphous 
Nl35Tig5 alloy. The Internal friction peak due to hydrogen was found 
much broader than a Debye peak and moved toward lower temperature with 
Increasing hydrogen concentration as did the peak observed in the present 
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study. The diffuslvity of hydrogen in the amorphous Nig^Tigs alloy 
increased so that the activation energy for hydrogen diffusion decreased 
with Increasing hydrogen concentration. They thought that the decrease 
of the activation energy for hydrogen diffusion was due to the filling of 
sites of higher energies with increasing hydrogen concentration. In the 
present alloys, it is thought that there exists a distribution of 
tetrahedral site energies, similar to the amorphous alloy, which may be 
associated with the distribution of activation energies. If hydrogen 
atoms are introduced into a system with a range of site energies, they 
will tend to occupy the lower energy sites. As the hydrogen 
concentration increases, hydrogen atoms will be forced to also occupy the 
unfavorable higher energy sites. If the saddle point energies are equal, 
the lower energy sites will be associated with higher activation energies 
for hydrogen diffusion. Therefore, it is thought that the movement of 
the internal friction peaks toward lower temperatures with increasing 
hydrogen concentrations could be explained by the occupation of higher 
energy sites with increasing hydrogen concentration. The suppression or 
disappearance of some high activation energy process could be explained 
by the blocking effect by the neighbor hydrogen atoms in the low energy 
sites. According to Richards [42], the saddle point energies as well as 
sites energies are changed by the lattice expansion caused by hydrogen 
atoms. The decrease in the saddle point energies with increasing 
hydrogen concentration could also be a cause for the disappearance of 
some high activation energy processes. Similar arguments would apply to 
the effect of deuterium concentration on the deuterium internal friction 
peaks. 
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Most interpretations of hydrogen diffusion are based on the 
classical thermal activation energy barrier model and that model is used 
in the explanation of the present results. However, that model may not 
be applicable to hydrogen in vanadium-niobium alloys. There are several 
observations that indicate that nonclassical thermal activation or even 
quantum effects may be involved. The activation energies for hydrogen 
and deuterium diffusion were not equal as expected from the classical 
model. A change in slope of the temperature dependence of diffusivity 
for hydrogen in niobium has been observed [43] that can be interpreted as 
due to two different activation energies. In addition, the energy 
separation of the vibrational local modes for hydrogen in vanadium is 
greater than the activation energy for hydrogen diffusion [43]. These 
are among the observations that indicate that many more experimental and 
theoretical studies are needed in order to understand the behavior of 
hydrogen in these metals. 
The activation energies and TQ values for hydrogen and deuterium 
motion obtained in the present study and those obtained by Brasche [44] 
for the vanadium rich alloys are quite close to those obtained by 
Peterson and Herro [24] from the studies of long range diffusion in the 
same alloys. Therefore, it is believed that the internal friction jump 
process is essentially the same as the jump process in long range 
diffusion. The activation energies and TQ values are presented in Table 
9. The activation energies for both processes changed with alloy 
composition in the same way as shown in Figs. 22 and 23. The TQ values 
for hydrogen and deuterium motion in the present study were higher than 
those obtained from the long range diffusion experiment but changed In 
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Table 9. Activation energies and Xq values of hydrogen and deuterium 
jump obtained from the long range diffusion and internal 
friction measurement in V-Nb alloys 
Alloy Diffusion 
ÛH(kJ/mole) TQ(x10^^ sec)® 
Internal 
AH(kJ/mole) 
Friction 
° TQ(x10^^ sec) 
lOONb-H 7.9 8.0 
V-90Nb-H 16.4 2.3 20.4 841,0 
V-75Nb-H 21.9 1.1 24.9 65.5 
V-50Nb-H 20.9 1.3 24.8 6,4 
V-40Nb-H 22.7 
23.2C 
9,4 
7.5c 
V-30Nb-H 19.3c 73.0c 
V-25Nb-H 13.9 2.1 
V-20Nb-H 20.2c 3.7c 
V-lONb-H 8.8 4.0 
lOOV-H 4.1 4.7 
lOONb-D 11.6 3.5 
V-90Nb-D 20.4 1.0 25.1 44.5 
V_75Nb-D 27.2 0.3 28.5 8.3 
V-50Nb-D 23.7 0.7 28.2 1.0 
V-40Nb-D 27.0 0.9 
V-30Nb-D 22.6C 12.0c 
V-25Nb-D 16.0 2.6 
V-lONb-D 10.2 3.0 
lOOV-D 6.9 3.2 
values were extracted from the Dq values under the assiimptinn 
that there are only tetrahedral-tetrahedral site jumps. 
values are the extrapolated values to zero hydrogen and 
deuterium concentrations 
and TQ values were found by Brasche [44]. 
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much the same way with alloy composition. The difference in TQ values 
may be due primarily to the large uncertainties that result from 
determining the values by extrapolation of diffusion coefficient 
measurements to an infinite temperature. Small differences in the 
diffusivlty data measured from 230°K to 473°K can cause big variance in 
the TQ values. The activation energies for hydrogen and deuterium motion 
obtained in the present study were somewhat higher than those from the 
long range diffusion. Part of this difference in activation energies 
could be the result of the difference in the measuring temperatures. The 
Internal friction peaks were In the temperature range between 110°K and 
150®K. On the other hand the temperatures for the long range diffusion 
studies were from 230°K to 473°K. At low temperatures, the fraction of 
hydrogen or deuterium atoms occupying the lower energy sites will be 
larger so that the average activation energy for hydrogen and deuterium 
jump would be higher. Also, the difference between the activation 
energies In the present study and the long range diffusion could be 
caused by the range of activation energies In these alloys. The 
activation energies measured in both Internal friction and long range 
diffusion represent some averaging over the distribution of activation 
energies. In the present study, the activation energies were calculated 
from the peak temperature change with frequency so that the activation 
energies represent the average activation energies for the most probable 
processes among the many giving rise to the broad peaks. On the other 
hand the activation energies in the long range diffusion were calculated 
from the concentration gradient, including the whole hydrogen or 
deuterium population, so that they may represent some other averaging 
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over the range of activation energies. Therefore, a small difference 
between the activation energies for two techniques may be expected. 
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CONCLUSIONS 
1. Internal friction peaks due to hydrogen and deuterium were found 
in vanadium-niobium alloys. The peaks are due to the jump of hydrogen 
and deuterium atoms in solid solution. In other words, there is a Snoek 
effect for hydrogen and deuterium and there is a nonspherical distortion 
around the hydrogen and deuterium atoms in vanadium-niobium alloys. 
2. The internal friction peaks moved toward lower temperatures so 
that the activation energies for the internal friction processes 
decreased with increasing hydrogen and deuterium concentrations. The 
decreases in the activation energies of hydrogen and deuterium were 
linear with their concentrations with the slope of 2.1 kJ/mole per at. 
pet. hydrogen and 1.2 kJ/mole per at. pet. deuterium respectively. 
3. The activation energies for hydrogen and deuterium jumps in this 
alloy range were varied with alloy composition and were highest in the V-
75Nb alloy and lowest in the V-90Nb alloy. 
4. All the internal friction peaks were broader than single Debye 
peaks and were asymmetrical. The V-50Nb alloy had the broadest peaks and 
the breadth of the peaks decreased with increasing niobium concentration. 
It is considered that the broad peaks were the results of superposition 
of many single Debye peaks and there is a spectrum of activation energies 
instead of a single activation energy involved in the internal friction 
process in the present system. 
5. Internal friction processes with low activation energy became 
active and some of the internal frction processes with high activation 
energy disappeared with increasing hydrogen and deuterium 
concentrations. 
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6. The internal friction peak heights Increased linearly with 
increasing hydrogen or deuterium concentration below 0.5 at. pet. 
hydrogen or 0.6 at. pet. deuterium. The proportionality of the 
relaxation strength to concentration was 52 x 10"^ per at.pc for 
hydrogen and 34 x 10"^ per at. pet. for deuterium respectively. The 
relaxation strength at a given hydrogen or deuterium concentration in 
that range was entirely independent of vanadium concentration over this 
alloy composition range. Above those hydrogen and deuterium 
concentrations, the heights of the peaks in the V-40Nb and V-50Nb alloys 
Increased continuously with the same slope. However, the peak height 
increments in the V-75Nb and V-90Nb alloys decreased graduall at higher 
concentrations. 
7. The addition of oxygen to the V-90Nb alloys had no effect on the 
activation energies of hydrogen and deuterium internal friction 
processes. However, the heights of the peaks due to hydrogen and 
deuterium decreased and the peaks were slightly broadened by adding 
oxygen. 
8. There was an isotope effect in the activation energy. The 
activation energies of the deuterium internal friction processes In 
vanadium-niobium alloys were higher by about 4 kJ/mole than those of 
hydrogen internal friction processes. 
9. It is believed that hydrogen and deuterium jump processes 
responsible to internal friction in the vanadium-niobium alloys is the 
same as the jump process involved in long range diffusion. 
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Figure A-1. The internal friction versus temperature peaks of V-90Nb-0.51H 
alloy for frequencies 205 Hz and 1292 Hz 
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Figure A-2. The internai friction versus temperature peaks of V-75Nb-0.49FI 
alloy for frequencies 226 Hz and 1414 Hz 
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Figure A-3. The internal friciton versus temperture peaks of V-50Nb-0.42H 
alloy for frequencies 240 Hz and 1505 Hz 
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Figure A-4. The internal friciton versus temperature peaks of V-40Nb-0.44H 
alloy for frequencies 244 Hz and 1502 Hz 
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APPENDIX B 
If an Internal friction process is governed by a single process, the 
internal friction is expressed as follows, 
WT 
Q-1 = à (B-1) 
1 + ( WT 
where à = relaxation strength and 
to = frequency and 
T = relaxation time. 
The relaxation strength, A , is a function of temperature. According to 
Weller et al. [45], the temperature dependence of the relaxation strength 
is expressed as follows, 
6(T) = (B-2) 
where Q~^ = maximum peak height and 
= maximum peak temperature. 
The relaxation strength was corrected to T^ so as to make the relaxation 
strength have a constant value of 2Q~^ by multiplying the Q~^ values 
measured at temperature T by T/T^. If the relaxation strength is 
constant, Q~^ is a function of wt. Then the following relations are 
established at the half maximum of the peak; 
Q-1 WT 
m 
= 2Q-1 . (B-3) 
2 1 + ( WT)2 
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The solution to Eq. (B-3) are as follows, 
Oi^Ti = (A^TgexpC AH/KT^ ) = 2+/T (B-4) 
W12T2 = W2TQexp( ÛH/KT2 ) = 2-/3 (B-5) 
where and T2 are the lower and higher temperatures at the half maximum 
of the peak and and ccg are the corresponding angular frequencies. 
Since WT = 1 at maximum of the peak, we can have another equation: 
(4nTm = (4n':^ oexp( AH/KT^  ) = 1. (B-6) 
From Eqs. (B-4) and (B-6), the width of the peak from Tp, to Tj can be 
derived as follows, 
1 1 K{ ln( 2+/T ) - ln( ) ) 
(B-7) 
Ti Tm AH 
From Eq. (B-7), the breadth of the peak toward lower temperature, B^ , 
was defined as follow, 
Tl Tm 
BL = : . (B-8) 
K{ ln( 2+/3 ) + ln( ) 
AH 
In the same manner, the breadth of the peak toward higher temperatures, 
Bjj , was defined as follows. 
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1 1 
T2 Tm 
Bjj = . (B-9) 
K{ ln( 2-/F ) + ln( ) 
ÛH 
If the Internal friction process is governed by a single process, the 
and Bfj have the same value of 1. 
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Figure C-1. The internai friciton versus temperature peaks of V-90Nb-0.43D 
alloy for frequencies 189 Hz and 1192 Hz 
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Figure C-2. The internai friciton versus temperature peaks of V-75Nb-0.52D 
alloy for frequencies 219 Hz and 1378 Hz 
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Figure C-3. The internal friction versus temperature peaks of V-50Nb-0.56D 
alloy for frequencies 230 Hz and 1434 Hz 
70 
Q 
in 
d 
I 
00 
z 
0 
1 
> 
o 
o 
o 
o 
X 
b 
60 — — 
50 -
40 -
237 Hz 
1474 Hz 
30 
20 
1 0  -
0 
30 
OSOQ 
00 CO 
60 90 120 150 180 210 240 
TEMPERATURE, DEGREES K 
270 300 
Figure C-4. The internal friction versus temperature peaks of V-40Nb-0.54D 
alloy for frequencies 237 Hz and 1474 Hz 
